Confined laser ablation with ultra-short laser pulses, also referred to as laser "lift-off", is initiated at the interface of transparent thin films and underlying absorbing substrates. The energy per ablated volume at confined laser ablation (<10 J/mm³) is higher than at direct laser ablation (about 100 J/mm³). In this paper the selective laser structuring of a zinc oxide (ZnO) / copper-indium-diselenid (CIS) layer system is investigated with 10 ps and 460 fs long laser pulses. Spot diameters between 14 μm and 100 μm were selected to show the relation between the spot diameter and the so called punching fluence. This value describes the lowest fluence at which the laser "lift-off" takes place. For both pulse durations the punching fluence depends on the spot diameter. The punching fluence increases from about 0.4 J/cm² at spot diameters 40 μm to about 1.1 J/cm² for decreasing spot diameters <40 μm.
Motivation / State of the Art
To maximize the solar efficiency and minimize the dead area of the monolithic interconnection in CIS (copperindium-diselenide) thin-film solar cells ultra-short laser pulses can be applied. Currently the monolithic interconnection is realized in industrial production lines by structuring the Mo (molybdenum) p-contact [1, 2] by nanosecond laser and the CIS and ZnO (zinc oxide) layer by mechanical scribing [3] [4] [5] (see Fig. 1 ). The selective laser structuring of ZnO thin films is of great common interest, for the galvanic isolation of the ZnO graph (called P3) on CIS. The function of the P3 process is to open and form a trench of the ZnO film, for producing the monolithic interconnection opening [6, 7] . Our previous work had shown that the P3 process can be performed with indirectly induced laser ablation, also referred as "lift-off", by pico-and femtosecond pulses [8] . The "lift-off" is a thermo-mechanic ablation process induced by the absorption of an ultrafast laser pulse in the absorbing substrate, creating ultrafast heating and phase transitions leading to a shockwave [9] , in literature known for thin films or LEDs [1, [10] [11] [12] . Investigations on structuring ZnO and other transparent oxides with ultra-fast lasers have shown, that pulse durations in the fs-and ps regime are minimizing thermal effects and damage [8, [13] [14] [15] . The aim is to optimize the ablation of the ZnO layer to the CIS (P3), increase the solar cell efficiency and increase the ablation efficiency of the induced laser ablation. For this a better understanding of the P3 process is necessary. In this paper the influence of the spot diameter on the ZnO laser "lift-off" is investigated.
Experimental
A CIS solar cell (figure 1) consists of a glass substrate coated with three functional layers: A Mo metallic back contact, a CIS absorber layer (copper-indium-diselenide) and a transparent ZnO front contact. In order to minimize ohmic losses of a1 m² large solar module, the module is divided into single cells (about 5 mm wide), which are connected in series. This interconnection is performed in three patterns: P1, the galvanic isolation of the Mo layer (0.5 μm) on the glass substrate (3 mm); P2, the contact opening of CIS (about 2 μm) to the Mo layer; P3, the galvanic isolation of the ZnO (about 1.5 μm) down to the CIS layer [4, [16] [17] [18] . In order to initiate the laser "lift-off" of the ZnO layer, two different laser sources for pico-and femtosecond pulse duration were used: First, model "picoRegen" (HighQLaser) with 1064 nm wavelength, 100 Hz -500 kHz repetition rate, 10 ps pulse duration (FWHM) and a M² of about 1.2. and second, model "femtoRegen" (HighQLaser) with 1030 nm wavelength, 60 kHz repetition rate, 470 ps pulse duration (FWHM) and a M² of about 1.2. Different spot sizes between 7 μm and 50 μm (at the 1/e² intensity level) were created in modifying a beam expander between 2x to 8x beam expansion and focus with different lenses (f = 50 mm -300 mm).
Results
By ablating ZnO on CIS with single pulses in the fs-and ps-range, several phenomena can be observed. Fig. 2 . shows exemplarily the single pulse laser ablation at 470 fs pulse duration with a 30 μm spot radius. The ablated ZnO spots are illustrated at different fluences with light microscopy (upper row), confocal microscopy (mid row) and cross section of the confocal image (lower row).
The observed phenomena are: a) "lift-off", the ZnO layer is ablated and the underlying CIS is melted, at the laser affected zone; there is no molten material at the edges of the ZnO; these edges are steep and sharp-edged; b) "partial lift-off", the ZnO layer is partial ablated; a part of the ablated area seems to be "lifted-off", the other part is only bulged; c) "volcano"; no "lift-off" is initiated, the ZnO layer is bulged and breaks in the center; d) "bulging", no "lift-off" is initiated, only bulging.; e) "CIS surface melting", the laser pulse has only weak, e.g. thermal, influence on the underlying CIS layer, but no bulging of the ZnO layer is initiated. The ablated material is removed by a dusting kit. 3 a) shows the ablation threshold determination of ZnO on CIS at 470 fs pulse duration and a 30 μm spot radius using a method described by Liu [20] . The ZnO ablation threshold (0.16 J/cm²) and punching threshold (0.68 J/cm²) fluences can be derived from the data points. The punching threshold is the lowest fluence when "liftoff" was observed [19, 21] . Fig. 3 b) shows the statistical distribution of the different spot morphologies at 470 fs pulse duration and 30 μm spot radius. These ablation parameters are exemplarily for all experiments. The ablation behavior is approximately the same at 10 ps and 470 fs pulse durations and spot radius between 7 μm and 50 μm, but there are changes at the fluences and distribution windows. At fluences 0.25 J/cm² only "CIS irradiation" was observed. As shown in Fig . 4 shows the punching threshold fluence in dependence of the spot radius for picosecond (a) and femtosecond (b) laser pulses. The punching fluence of fs pulses is about two times higher than the punching fluence of ps pulses. This may results from a partial absorption in the ZnO layer of the fs pulse. Both graphs display the same trend: The punching threshold is nearly constant for w 0 18 μm (ps ~ 0.3 J/cm² and fs ~ 0.5 J/cm²). For w 0 < 18 μm the punching threshold increases significantly to a value of 1.1 J/cm² at a spot diameter of 7 μm for the ps pulses and 1.6 J/cm² at a spot radius of 14 μm for the fs pulse, respectively. The lowest spot size in the experiments was limited by the experimental setup to 7 μm. The energy per ablated volume stays nearly constant at different spot radii at about 2.5 J/mm³ for ps pulses. For fs pulses the energy per ablated volume is nearly constant at 2.5 J/mm³. The ablation radius is smaller than the spot radius at ps and fs pulse duration. 
Discussion
In a previous work the ZnO laser "lift-off" was described with the term indirectly induced laser ablation [8, 19] . That kind of ablation seems to be a part of the phenomena described by the term "confined laser ablation", where the laser pulse energy is confined at the interface of a transparent with an absorbing layer [22] :
The experiments show a ZnO layer "lift-off" and a slight melting at the ZnO/CIS interface. These observations suggest that the laser pulse is transmitted through the ZnO layer and is absorbed in the CIS layer. As a consequence the CIS is ultrafast heated, expands and high stress or pressure is created in the ZnO/CIS interface initiating the ZnO layer to "lift-off". The laser "lift-off" ablation behavior is reflected in the spot morphology. At ps and fs pulses different spot morphologies are observed: "CIS surface melting" looks like a melting of the underling CIS interface but has no influence of the ZnO. So it seems that the fluence is too low for "lift-off" and the ultrafast CIS expansion does not create enough stress to deform the ZnO. "Bulging" occurs at higher fluences, causing an ultrafast CIS expansion that bulges the ZnO layer, but is not enough to "lift-off" the ZnO. "Partial lift-off" and "volcano" are observed at higher fluences than "bulging" and "CIS surface melting". During the CIS expansion the stress in the ZnO layer is high enough to create ZnO fragments. By further increasing the fluence "lift-off" is initiated. The stress in the ZnO exceeds the stress limit; fragmentation of the ZnO layer is the consequence.
For large spot radii (w 0 20 μm) the punching threshold is nearly constant. But if w 0 is lower than 20 μm the punching fluence will increase to about 1.7 J/cm². An explanation can be the dependence between spot radius and layer thickness. With decreasing spot radius higher material stress is necessary to "lift-off" the ZnO.
Finally energy per ablated volume and the ablation radius at different w 0 were calculated. The ablation radius is smaller than the radius of the laser spot. At a theoretical spot radius of 0 μm the ablated spot radius is about 5 μm. This can be an indication for a minimal ablation radius. The energy per ablated volume has no characteristic trend, it seems nearly constant for different pulse durations (energy per ablated volume at ps-pulses is about 2.5 J/mm³ and energy per ablated volume at fs-pulses is about 2.5 J/mm³). The structuring efficiency of fs and ps is equal. As known from direct laser ablation, structuring with fs-pulses is more efficient than working with ps-pulses [23] . The thermodynamic limit of a direct laser ablation of ZnO could be estimated to about 105 J/mm³. It follows that the confined laser ablation together with shockwave formation is more efficient than evaporation (105 J/mm³) or melting (60 J/mm³) of the ZnO layer.
Conclusion
In this work, the ablation morphology, punching threshold and ablation efficiency of ZnO on CIS for two different pulse durations (470 fs and 10 ps, respectively) at different spot diameters were compared. In both cases the material that has to be removed (ZnO) is transparent for the used laser wavelength. As a result, the laser pulse is absorbed in the underlying CIS layer. The CIS layer is ultrafast heated, expands and high stress or pressure is created in the ZnO/CIS interface initiating the ZnO layer to "lift-off".
We showed that different spot morphologies depend on the pulse peak fluence and the punching threshold depends on the laser spot radius. For a w 0 18 μm the punching threshold remains on a constant level (ps ~ 0.3 J/cm² and fs ~ 0.5 J/cm²). For w 0 < 18 the punching threshold increases significantly to a value of 1.1 J/cm² at a spot diameter of 7 μm for the ps pulses and 1.6 J/cm² at a spot radius of 14 μm for the fs pulse. The trend of the punching threshold is independent from the pulse duration. The energy per ablated volume stays nearly constant at different spot radii and pulse durations at about 2.5 J/mm³. The confined laser ablation is more efficient than melting (60 J/mm³) or evaporation (105 J/mm³) of the ZnO layer.
In the next steps other thin film layer systems will be structured with different spot diameters and will be compared with the ZnO / CIS layer system.
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